Introduction 1
The threshold displacement energy, E d , is a fundamental quantity that is cen-2 tral to determining the radiation tolerance of a material. Defined as the energy 3 required to initiate defect production in a material, it can be used to relate the 4 kinetic energy of the incident primary knock-on atom (PKA) to the number of 5 resulting atomic displacements. In addition to acting as an indicator for radiation 6 tolerance, E d is explicitly used in various analytical models of radiation damage 7 from early models of Kinchin-Pease [1, 2] to models based on the binary collision 8 approximation, such as SRIM (The Stopping and Range of Ions in Matter) [3] .
9
These models are used in a wide variety of applications providing estimates of 10 defect production and ion implantation depths. Significantly, for most materi-11 als these estimates are poor at low incident energies where lattice effects have a 12 considerable impact on defect production.
13
In almost all situations, E d is considered to be simply a function of the chem-14 ical composition; indeed, in SRIM calculations this is precisely the information 15 in their own right, due to the wide-ranging applicability of titania which includes 23 the use of rutile as a nuclear waste form constituent.
24
Despite its importance, ascertaining a precise value of E d is difficult, particular 25 via experiment in which the detection of the onset of defect formation is hard 26 to accomplish. In contrast, using computer simulation to model low energy dis- 
29
The present study is directly motivated by differences in irradiation response This investigation builds upon previous studies into the rutile polymorph of 39 TiO 2 in which a systematic, automated approach to simulating low energy cas-40 cades was used to precisely determine E d [8, 9] . By incorporating the anatase 41 and brookite polymorphs, we examine the impact of changes in crystal structure 42 on values of E d and the defects produced during threshold displacement events. 
Background

44
The versatility of titania and its applications has resulted in a significant num-45 ber of investigations into the polymorphs of TiO 2 , in particular the low pressure 46 phases of rutile, anatase and brookite. With regard to nuclear waste form devel-47 opment, studies almost solely involve rutile due to a superior radiation tolerance.
48
One of the main driving forces for the study of rutile is its utilisation in Synroc- polymorphs to the same density resulted in remarkably similar radiation response.
100
The present study aims to determine if the differences observed from the thermal 101 spike simulations and high energy collision cascades are also apparent during 102 threshold displacement events. 
Methodology
104
The simulations presented in this work were carried out using a methodology 
134
In addition to calculations of quantities such as defect formation probability, 135 the degree of statistical sampling allows for thorough defect analysis. To carry out 136 defect cluster analysis, the residual damage was decomposed into domains using 
Defect formation probability and threshold displacement energies
179
To examine the response of a lattice to a displacement event an important quan-180 tity to determine is the defect formation probability (DFP) and its dependency 181 on PKA energy. In contrast to the previously described displacement probability, In the present simulations, the local crystallinity is maintained as the cascade brookite and as such give rise to the observed differences in irradiation response.
200
As introduced previously for rutile, [8, 9] a simple function can be used to fit 201 DFP as a function of PKA energy:
where α and β are fitting parameters and E is the energy of the PKA. The energies required to produce a 50% DFP and can be readily extracted from Eq. 1. The determination of DFP and displacement probability ( Fig. 1) Ti PKA. Figure 3 shows the division of defects by atomic specie for rutile and One explanation for the abundance of Ti defects at the threshold in anatase 260 14 is that the Ti PKA is simply displaced to become a defect. To clarify this, the probability that the PKA forms a residual interstitial or its site a residual vacancy 262 was calculated. At energies around the threshold this probability was found to be 263 around 90% in anatase, whereas in rutile this was around 65%. This corresponds 264 well to the increase in the proportions of Ti defects shown in Fig. 3 . lation between these directions and the anatase crystal structure was apparent.
286
We attribute this to the sampling of lattices at finite temperature which reduces 
Defect cluster analysis
289
In addition to calculating the proportions of defects in terms of the atomic 290 specie, defect cluster analysis was also carried out. This enabled the examination which in anatase contribute to over 40% of the final defect population. As these 299 defects are considered to be made up of four constituents this explains the high 300 proportion of Ti defects as seen in Fig. 3 . To examine the di-FP defect further, the cluster was reconstructed in isolation Significantly, the di-FP cluster was found to be stable with a formation energy 
336
In addition to the analysis of defects clusters created at Ti PKA energies 
O PKA Defect analysis
353
Although there we no marked differences in the values of E d determined for are shown as an average in Fig. 8 (a) . In contrast to the multitude of defects defects produced suggest that this may also be the case for anatase. Contrary to the indication that as Ti PKA energy increases there is a strong correlation between the defects produced in rutile and anatase, the O PKA indicates a significant disparity in the residual defects for each polymorph. Figure 7 (b) indicates that in rutile defects remain confined to the O sublattice although in addition to simple Frenkel pairs a build up of spit interstitials is observed. However, for anatase Figure 7 (c) shows a build up of defects on both sublattices with around 18% of the residual clusters containing Ti defects. This formation of additional defects provides provides an explanation for the lower DFP reported for O as PKA energy increases.
The results from the O PKA explain the lower DFP at higher energies for antase, as defects begin to be produced on both sub lattices. 50±1% ±
V. CONCLUSIONS
In anatase FPs become more separated at lower PKA energies, maybe through replacement mechanisms during the ballistic phase. This impedes recombination, so lower Ed. In rutile the FP are more localised and can recombine easier. The changes in defect clusters observed at ergies higher suggest that E d is not always a cator of tolerance to damage. For example, t are identical for anatase and rutile, yet at e mediately higher than E d , DFP is significant rutile. 
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9 The similarities in values of E d and the residual defects produced suggest that this may also be the case for anatase.
Contrary to the indication that as Ti PKA energy increases there is a strong correlation between the defects produced in rutile and anatase, the O PKA indicates a significant disparity in the residual defects for each polymorph. Figure 7 (b) indicates that in rutile defects remain confined to the O sublattice although in addition to simple Frenkel pairs a build up of spit interstitials is observed. However, for anatase Figure 7 (c) shows a build up of defects on both sublattices with around 18% of the residual clusters containing Ti defects. This formation of additional defects provides provides an explanation for the lower DFP reported for O as PKA energy increases.
V. CONCLUSIONS
In anatase FPs become more separated at lower PKA energies, maybe through replacement mechanisms during the ballistic phase. This impedes recombination, so lower Ed. In rutile the FP are more localised and can recombine easier. 
2%
of defects on the O sublattice are associated with very low recombination energy barriers which results in a sensitively of the O value of E d to temperature and time scale.
V. CONCLUSIONS
In anatase FPs become more separated at lower PKA energies, maybe through replacement mechanisms during the ballistic phase. This impedes recombination, so lower Ed. In rutile the FP are more localised and can recombine easier. The changes in defect clusters observed at E ergies higher suggest that E d is not always a cator of tolerance to damage. For example, th are identical for anatase and rutile, yet at en mediately higher than E d , DFP is significantl rutile. At energies immediately higher than E d , the probability of defect formation was 409 significantly lower in rutile relative to the other polymorphs. This was quantified 410 by defining E 50 , the energy required for a 50% probability of defect formation, 
415
The overall contrasting behaviour of rutile to the other polymorphs, espe-416 cially anatase, is in line with our previous experimental and computational 417 studies [16, 7, 17] . In particular, the calculated displacement probabilities cor-418 relate directly with the ordering of radiation tolerance reported, with rutile the 419 most tolerant, followed by brookite and finally anatase. As the previous studies 420 involved significantly higher energies than the current simulations, displacement 421 probability is a better quantity for comparison as apposed to defect formation 422 probability. This is due to the contrasting degree of localised disorder, which 
